ABSTRACT: This paper examines the impact of arsenic contamination of groundwater on sale prices of residential properties and bare-land transactions in two Maine towns, Buxton and Hollis, that rely on private wells to supply their drinking water. Prompted by tests of well water by the State of Maine, media attention focused on the communities in 1993 and 1994 when 14% of private wells were found to have arsenic concentrations exceeding the EPA standard of 0.05 mg/l. Households could mitigate the serious health risks associated with arsenic ingestion by purchasing bottled water or by installing a reverse-osmosis, home-treatment system. Our results indicate that the initial arsenic finding in 1993 led to significant, but temporary, two-year decreases in property prices. This is a much shorter effect on prices than has been observed for Superfund sites where prices can be depressed for a decade. These results suggest that a property specific contamination incident that is treatable may not have a long-lasting effect on sale prices, but further research is needed to confirm if the dissipation of the price effect was actually due to the installation of in-home water treatment systems or due to the dissipation of perceived risk once the media coverage stopped.
. In many of these countries a large share of the population is affected. For example, arsenic contamination of groundwater in Bangladesh has put between 46 and 57 million of the 130 million inhabitants at risk (WHO, 2001 ). In the United States, arsenic can pose a serious concern for homes on private well water in areas with high levels of naturally occurring arsenic.
Long-term exposure to drinking water with concentrations of arsenic above 0.05 mg/L can cause severe health risks. The most severe risks associated with chronic ingestion of arsenic in drinking water include developing skin, bladder, and lung cancers (U.S. EPA, 2001; WHO, 2001; Smith et al., 1999) . A study by estimated that between 7% and 10% of all adult deaths in Chile between 1989 and 1993 were due to bladder and lung cancers attributable to arsenic exposure. Exposure to arsenic has also been shown to cause blood-vessel damage, changes in skin pigmentation, and hyperkeratosis (thickening of the outer skin layer) (WHO, 2001 ). Additionally, lowlevel exposure to arsenic in drinking water (0.01 to 0.02 mg/L) may lead to an increased risk of depression, while exposure to arsenic concentrations above 0.01 mg/L leads to a significantly higher risk of high blood pressure, circulatory problems and the need for cardiac bypass surgery (Zierold, Knobeloch and Anderson, 2004) .
In response to growing concern about the adverse health effects of chronic arsenic ingestion, the U.S. Environmental Protection Agency (EPA) lowered the maximum When revising the MCL standard the EPA estimated that as many as 12.8 million people are exposed to arsenic concentrations in excess of 0.01 mg/L in drinking water supplied by public water systems (U.S. EPA 2001). The new arsenic standard aids in mitigating adverse health effects for the people who rely on these systems for their drinking water.
Suburban and rural residents who rely on private wells for their drinking water, however, must choose to have their tap water tested for the presence of arsenic and must pay to have private treatment systems installed in their homes if the test result indicates an arsenic concentration that is unsafe. This paper examines the impact of arsenic contamination of private well water on sale prices of single-family, residential properties and bare-land transactions (potentially developable for residences) in two Maine towns where arsenic contamination has been well-documented, Buxton and Hollis. Maine is the northeastern most state in the United States, located along the Canadian border. Figure 1 shows the locations of Buxton and Hollis, located next to each other in York County in the southwestern part of Maine.
Media attention focused on these communities in the early 1990s when well-water tests exhibited arsenic concentrations above the EPA standard, at that time, of 0.05 mg/L (Maine Department of Conservation, 2005) . All households in these communities rely on private wells to supply their drinking water; there are no public drinking water systems.
A study by Marvinney et al. (1994) found that 14% of private wells in Buxton and Hollis Buxton and Hollis were the first communities in Maine to have documented arsenic contamination of well water. Prior to this event arsenic contamination was not something that homeowners would have been likely to consider and there were no other known contaminants in well water in this area. We investigate whether knowledge of arsenic in groundwater, and consequently drinking water, depressed sale prices of houses in Buxton and Hollis, Maine, and test whether this price effect dissipated through time as residents may have installed private treatment systems in their homes.
Previous Research
Economic analysis of health effects of arsenic contamination of drinking water is a subject that has received little attention. Estimation of the economic benefits of avoiding arsenic in drinking water has mostly been conducted in south Asia. Ahmad, Goldar and Misra (2004) found that rural Bangladesh households would pay about 0.25 percent of average household income for arsenic free drinking water. Maddison, CatalaLuque and Pearce (2005) estimated the aggregate willingness to pay to avoid arsenic health impacts in Bangladesh is $2.7 billion annually. Roy (2008) found that households in North 24 Parganas and Midnapore, India would pay about $7 per month for water with an arsenic concentration below 0.05 mg/l.
Research in the U.S. demonstrates that some, but not all, households in an arsenic cluster invest in self protection through averting behavior, and that home treatment systems can be cost effective. Shaw, Walker and Benson (2005) found that 38% of the households in Churchill County, Nevada with private wells treat their tap (see also 2006) . The median concentration of arsenic in generally more cost-effective than buying bottled water to avoid exposure to arsenic in drinking water.
The results from the studies by Shaw and colleagues suggest that arsenic concentrations above the MCL in tap water may have an effect on sale prices of homes.
If a potential homebuyer knows that a home water treatment system needs to be installed to protect their families' health from arsenic concentrations, this knowledge should reduce the price they would be willing to pay for a home that has an arsenic concentration above the MCL in the tap water and does not have a treatment system installed.
However, Shaw and colleagues also speculate that the 62% of households who do not treat their tap water do "…not recognize that consumption could have associate health risks" (p. 305), which would hinder the ability to estimate any price effect from the presence of arsenic in tap water.
No studies, to our knowledge, have investigated the relationship between sale prices of residential properties and arsenic contamination, and few studies have investigated the relationship between sales prices and health risks from consumption of contaminated tap water. We identified one study that investigated the relationship between nitrate contamination of groundwater and sale prices of residential properties in
Portage County, Wisconsin (Malone and Barrows, 1990 There have also been a number of hedonic property value studies that have investigated the relationship between sale prices and proximity to undesirable land (e.g., superfund or hazardous waste disposal sites) uses where one of the consequences is groundwater contamination (see Boyle and Kiel, 2001, Exhibit 3, pp. 127-130) . These studies have generally used proximity to the undesirable land use as the key environmental variable in their hedonic price functions, which makes it impossible to identify a groundwater-specific effect. One of these studies (Kiel, 1995) , considered an application where there was known groundwater contamination from two nearby Superfund sites. These were sites that had been in industrial use since the mid-1800s and groundwater contamination was accompanied by contaminated soils and unpleasant odors. Even though safe drinking water was provided to nearby households while U.S.
EPA administered clean-up was undertaken at the contaminated sites, Kiel found that housing prices had been stigmatized. For example, during the year that cleanup efforts began, she estimated that property values increased by approximately $6,500 per mile of distance from the Superfund sites. Messer et al. (2006) , using up to 30 years of data for one contamination site, found that stigmas on residential property may result in sale prices taking five to ten years to recover after the contamination has been cleaned up.
Stated-preference studies clearly indicate that people will pay for protecting and improving groundwater (see Boyle, Poe and Bergstrom, 1994 contamination that is available to home buyers, one might expect potential buyers to offer less for residential properties in such an area. However, the potential to control exposure to arsenic in drinking water through in-home treatments systems suggests that the stigma would be less severe than has been observed for Superfund sites. Public notification of arsenic contamination should have motivated home buyers to beware when buying properties in the communities of Buxton and Hollis. In the summer of 1993, residents of these two towns became concerned about arsenic concentrations (greater than 0.05 mg/l) in the local school water supply (Marvinney et al., 1994) . This led to town-wide efforts to test for arsenic and to educate households about the potential health risks of arsenic in drinking water from private wells. Figure 2 shows the locations of 1,200 tests of well water that were conducted throughout the two towns.
3.

Study Area
The spatial pattern of these tests follows the road network. In total, 13.8% of the test results revealed arsenic concentrations in violation of the 0.05 mg/l EPA standard. Households in Buxton and Hollis that were concerned about arsenic levels in their tap water could mitigate the health risks by purchasing bottled water or by installing a home treatment system (U.S. EPA, 2005) . The treatment system available to homeowners in the early 1990s was reverse osmosis, which could be installed at the point-of-use (e.g., kitchen sink) or as a whole-house system. The whole-house system was not reliable and not recommended.
While potential homebuyers might have been initially alarmed when arsenic was first found in tap water, this concern could have dissipated over time as treatment systems were installed for homes with arsenic concentrations above the recommended MCL.
Nevertheless, a residual price effect may have persisted because the available treatments were not perfect substitutes for purchasing a home with tap water that was safe to drink.
It would have been expensive and time-consuming for a household to make a complete switch from tap water to bottled water. It also would have been expensive for a household to purchase, install, and maintain a home treatment system. The recommended treatment technology was a point-of-use, reverse-osmosis system. Implementing this recommendation means that only one water tap in a home would provide safe drinking water and would leave households with the inconvenience that not all water taps in the home provide safe drinking water. In addition, reverse osmosis systems can fail, which leaves households with a residual risk of exposure to arsenic if tap water was not tested regularly to identify failures. We would expect the net present value of these direct and indirect costs to be at least partly capitalized into property the potential for arsenic contamination of tap water and must take the initiative to request a water test. In addition, bare-land sales would not have a well available for potential buyers to take a water sample. A potential source of "data" for buyers to form this expectation would be inquiries of neighbors to learn if water from existing wells in the area had concentrations of arsenic above the MCL.
In-home treatment systems are also not known to an empirical investigator as tax assessors, who maintain property data, do not record this information for built properties.
This is an important omitted variable as the installation of in-home treatment systems are likely correlated with the level of arsenic concentrations. More will be said about this concern in the caveats later in the paper.
Arsenic contamination of groundwater in not a ubiquitous contaminant in the study area; it tends to be correlated across space. Groundwater in the study area occurs in fractured bedrock. As a result, arsenic concentrations above the MCL tend to be patchy.
A level of arsenic on one property above the MCL increases the probability that a neighboring property's well water will also have an elevated level, but concentrations may drop suddenly for properties just outside of a patch. To capture the spatial correlation in arsenic levels and the fact that potential homebuyers may have imperfect information about the degree of arsenic contamination in specific wells, we model purchases of housing and bare land as a function of the buyer's perceived health risks from arsenic in the neighborhood of the sale property.
Consider the following stylized argument. A household obtains utility (U) from the purchase of a home (H) and a composite (G) of all the other goods and services it consumes:
(1 Lancaster's (1966) characteristics approach to consumer theory, the home (H) can be decomposed into the various attributes it provides; structural (S), location (L) and environmental (E) attributes. Arsenic contamination of groundwater, which is used as the source of drinking water, is one of the environmental attributes. The presence of an inhome treatment system for arsenic would be a structural attribute. The buyer's expected family health is, therefore, potentially affected by elements of E and S, the perceived health risks associated with living in a neighborhood with arsenic concentrations above the MCL ( ) and the type of home treatment device ( E a n ∈ S tr ∈ ) available to remove arsenic from tap water. .
The endogenous perceived health risks (α) are based on purchasers' knowledge of potential arsenic exposure, the health consequences of exposure, and actions they can take to mitigate exposure and the risks from exposure. Here, is the observed variable that would trigger a household's knowledge of arsenic in drinking water and is the only element of perceived risk that is observable in the hedonic data. Notice that the price of the composite good, G, has been normalized to equal 1. Therefore, one additional unit of G provides the buyer with the same utility as one additional dollar of income. Rosen (1974) demonstrated that, in a market equilibrium, the price of a differentiated good such as housing will be a function of its attributes,
. Moreover, he demonstrated that the partial derivative of the hedonic price function with respect to a particular attribute will measure a buyer's willingness to pay for a marginal change in that attribute. To see Rosen's result, consider the first-order condition to the utility maximization problem with respect to arsenic: Economic theory suggests that the hedonic price function is generally nonlinear (Ekeland, Heckman, and Nesheim, 2004 ). Yet, most empirical hedonic studies treat linearity as a maintained assumption. This follows from Cropper, Deck, and We estimate the following log-linear equilibrium hedonic price function for the local land market:
where A is a vector of arsenic variables and t is a vector of dummy variables that denote each year of sales data. Here, arsenic is the sole environmental characteristic in the price function because there were no other known contaminants of groundwater in the study area over the time period we investigate. The presence of arsenic in groundwater is highly unlikely to be correlated with any terrestrial environmental amenities or disamenities, which implies that the omission of such variables from this specification will not bias estimated arsenic coefficients. We will clarify this point in the caveats below. The vector of arsenic variables can be defined as follows:
This specification allows us to test whether arsenic concentrations in well water above the MCL create a neighborhood price stigma and whether this stigma increases or dissipates through time. . If the stigma is permanent, property values will never rebound; they will remain at despite the fact that water treatment mitigates the health risk. In a linear parameterization of equation (6), this would imply a negative coefficient on a n and zero coefficients on all of the interaction effects; the initial arsenic finding permanently depresses prices. At the opposite extreme, if there is no stigma, property values return to their initial levels by .
An intermediate case between these two extremes is suggested by McCluskey and
Rausser (2003). To use their terminology, a "temporary-declining stigma" may arise if potential homebuyers are still wary about the possibility of arsenic contamination even after the problem has been mitigated. Such a case could arise due to initial concerns that in-home treatments systems might fail and such concerns dissipating through time as homeowners develop more experience with the systems. This situation could be represented in a linear parameterization of (6) by a zero coefficient on a n , and negative coefficients on the interaction effects that decline in magnitude over time, but do not reach zero by year . Various alternative measures of "neighborhood" arsenic levels were also considered including the arsenic level of the nearest test result to each sold property, the average arsenic level of test results greater than 0.05 mg/l for tests within one quarter mile of each sold property, and the average arsenic level of test results that is greater than 0.05 mg/l for tests within one half mile of each sold property. These and other specifications do not substantially change the results reported below. In general, the more distant a test result is to a property the less likely it is to have a price effect.
To estimate the effect of arsenic contamination on property values in the study area, the natural log of the sales price of a property was regressed on the following variables:
• IMPROVED -equals 1 if a property includes a house and zero otherwise;
• SQFT*IMPROVED -square feet of living space in house multiplied by IMPROVED;
• AGE*IMPROVED -age of the house multiplied by IMPROVED;
• ACRES -lot size in acres;
• t i -a series of indicator variables that equal 1 for each study year (i) and 0 otherwise (2003 is the omitted category);
• a n -arsenic concentration of nearest test result in excess of 0.05mg/l (coded as parts per billion (ppb) (50 ppb => 0.05mg/l); and
• a n *t i . Table 1 reports descriptive statistics for these variables. 
RESULTS
The parsimonious set of explanatory variables underscores the importance of controlling for spatial correlation in the unobserved characteristics of houses and neighborhoods. If the prices of homes in a neighborhood are correlated because they share similar design features that are observed by buyers, but not by the researcher, then this correlation can bias the standard errors from ordinary least squares (OLS) estimation.
This potential problem can be addressed by testing to detect if a pattern of spatial correlation exists in the residuals from OLS estimation and then adjusting the standard errors accordingly (Anselin 1998 (Anselin , 2002 .
One of the standard test statistics used to detect the presence of spatial correlation is Moran's I. A positive value indicates that the OLS residuals are positively correlated.
We found positive Moran's I statistics that were significant in separate regressions for Buxton and Hollis. The p-value for Moran's I was 0.001 for a regression using the Hollis data and 0.00001 for a regression using the Buxton data. Given the presence of spatial where all "neighbors" are assigned a value of 1 and all "non-neighbors" are assigned a value of 0. The distances used to define neighbors were the minimum distances such that each property had at least one neighbor.
The first two columns of Table 2 By interacting the neighborhood arsenic measure (a n ) with dummy variables for each year (T1992*a n ,…, T2002*a n ) the empirical hedonic model allows us to measure the extent that property values are affected by arsenic concentrations in excess of the A likely explanation for why the price effects for the two towns are staggered over time is that Buxton is where the school drinking water was found to have arsenic in 1993 so concern may have been more immediate in this community. Table 2 are still negative, but none are statistically different from zero. Thus, the property price effect of the initial arsenic finding in 1993 and the subsequent news stories in 1993 and 1994 appears to have mostly disappeared by 1996.
Caveats and Robustness Checks
There are three important caveats to our econometric results. First, is our assumption that the true shape of the equilibrium hedonic price function is log-linear. As discussed earlier, Cropper, Deck, and McConnell (1988) found that log-linear and log-log specifications for the price function outperformed more flexible specifications in the presence of omitted variables. As a robustness check on the sensitivity of our results to the choice of the log-linear specification, we also estimated a log-log model where all of the strictly positive variables were transformed using natural logs, i.e., the arsenic variable multiplied by the year indicator variables were not logged. This had a negligible effect on the arsenic results reported in Table 2 . For example, the arsenic interaction for The second caveat to our analysis concerns the implications of housing market adjustment. Recent research on household sorting behavior has stressed the difficulty in assessing the costs and benefits of changes in environmental quality when people are freely mobile (Epple and Sieg, 1999; Smith et al., 2004; Kuminoff, 2009) . Intuitively, the households who sold their homes in Buxton and Hollis between 1993 and 1995 may have chosen to move out of these communities partly due to a strong desire to reduce their exposure to arsenic. Likewise, the households who moved into the two towns may have been less worried about the future health consequences. This type of sorting behavior would imply that the drop in property values that we observed for Buxton in 1993 and 1994 and for Hollis in 1995 would understate the amount that the households who moved out of the two towns would be willing to pay to avoid the risks of arsenic exposure. Thus, the 0.5% to 1% decreases in property values that we observe are best interpreted as lower bounds on the willingness to pay to avoid arsenic exposure by the households who lived in the two towns at the beginning of our study period. That said, the cost of installing a point-of use treatment system was only about $411 at this time, which is likely much less than the cost of moving. Even a point-of-entry system for a whole house, at an installation cost of $5,000 to $10,000, may be less than the cost of moving. In addition, arsenic was also subsequently identified in communities neighboring Buxton and Hollis (e.g., neighboring Standish), and throughout the State of Maine, which may have diminished the desire to relocate. Given these considerations and the price stigma dissipating through time, the 0.5% to 1% decreases may not be substantial underestimates. The final caveat to our analysis concerns the limitations of our data. While our spatial error models provide an indirect control for spatial correlation in unobserved variables, we would also like to be able to directly control for more structural housing characteristics such as the number of bathrooms and whether the home has a fireplace, a basement, a garage or an in-home treatment system for arsenic. Unfortunately, these data are not collected or reported by the assessors in Buxton and Hollis. Following a suggestion from a referee, we tried adding quadratic functions of the observed structural characteristics to the model to help control for the effect of unobserved structural characteristics. Four additional terms were added: SQFT 2 , AGE 2 , ACRES 2 , and AGE*SQFT. These terms will help to control for unobserved characteristics to the extent that they are correlated. For example, if newer homes tend to have more bathrooms and larger bedrooms, these unobserved characteristics will be correlated with AGE*SQFT.
Adding the quadratic functions of observed characteristics to the Buxton and Hollis models increased their explanatory power slightly, as measured by the R 2 , by .01 for Buxton and by .008 for Hollis. However, it did not affect the magnitude of the arsenic coefficients or their statistical significance.
The absence of a variable indicating an in-home treatment system is problematic because this variable is likely correlated with a n . This means that sold properties with and without a home treatment system are treated the same in the estimation. If the presence of an in-home treatment system reduces price suppression, as we would expect, then treating sales of homes with and without these systems the same in our econometric model would cause us to underestimate willingness to pay. This reinforces our It is also natural to be concerned about omitted environmental amenities. Unlike other recent hedonic studies of health risk (e.g. Davis, 2004) , we do not have data on repeated sales of individual homes that would allow us to control for time-constant omitted amenities using parcel-specific fixed effects. If an amenity that matters to households is correlated with our measure for arsenic concentrations, it may confound our estimates for the property value effect of arsenic. However, in order for an omitted variable to bias our results, the omitted variable would have to be spatially correlated with arsenic concentrations and temporally correlated with the spread of information about arsenic findings. This seems unlikely. One reason is that arsenic concentrations tend to be patchy due to features of the underlying bedrock that have little to do with how the land above is utilized. Moreover, if an unobserved amenity were correlated with arsenic concentrations we would expect to see an effect on property values before the public learned about arsenic in well water. This is not the case. Our econometric results indicate that, after controlling for observed property characteristics, there were no significant differences in the prices of properties located in high arsenic areas; that is, the coefficient on T1992*a n is not statistically different from zero for Buxton.
Finally, because many of the coefficients of the Buxton and Hollis models are not statistically different from each other, we estimated a pooled version of the model that combines the data from both towns, but allows the price effect of arsenic to differ across the two towns between 1993 and 1995. The results are reported in the third column of Table 2 . For example, the coefficient on T1993*a n measures the baseline effect of arsenic for both towns in 1993 and the coefficient on T1993*a n *Buxton measure the deviation from this baseline for Buxton. While there are slight changes in the magnitudes of some of the coefficients, the overall pattern of results is the same as in the town- Overall, the pattern of results in Table 2 allows us to clearly reject the null hypothesis of a "permanent stigma" as illustrated in Figure 3 . In addition, logical intuition suggests that the price decreases of 0.5% to 1% are lower bound estimates on what households would be willing to pay to avoid arsenic exposure. However, the results do not allow us to distinguish between "no stigma" and "temporary stigma".
Distinguishing between these two effects would require tracking whether the installation of home treatment systems over time matched the time path of the property value effect of arsenic. As noted earlier, data on the installation of home treatment systems are not currently collected or reported. Using household surveys to collect these data and investigate the empirical form of stigma would be an interesting direction for future research.
Conclusions and Discussion
This paper has investigated the impact of arsenic contamination of groundwater on the markets for land and housing in the found that public risk perceptions were affected through sustained and focused media programs. These findings are supported by experimental studies by Smith and Johnson (1988) and Smith, Desvousges and Payne (1995) , which found that targeted, prescriptive information about radon and in-home treatment affected risk perceptions. Thus, the lack of sustained, focused media attention likely did reduce the perceived risk of arsenic by some residents of Buxton and Hollis. The longer price effects of Superfund sites, therefore, may be due to risks that households cannot control and sustained media attention on these sites over many years. 
